Product desorption has been controlled by optimizing catalyst pore structure and surface composition, together with a proper selection of solvent and reaction temperature.
Introduction

2-Aryl-2,3-dihydro-4(1H)-quinolinones
(or 2-aryl-1,2,3,4-tetrahydro-4-quinolones) derivatives are six-membered nitrogen heterocyclic compounds considered as aza-analogues of flavanones. The synthesis of these compounds has generated continuous interest because of their wide range of biological activities, such as hypertensive, antibacterial, anti-inflammatory and as anticancer and immunosuppressive agent. [1] [2] [3] They display significant cytotoxicity against a panel of human tumour cell lines and also have high activity toward multi-drug resistant KB-VIN, and ovarian 1A9 cell lines. Besides, aza-analogues of flavanones can also serve as valuable precursors for the synthesis of other pharmaceutical and active compounds; [4, 5] with potent antimitotic antitumor effects, [6] such as 2-aryl-4-quinolones derivatives [7] and 4-alcoxy-2-arylquinolines, [8] which are often not readily accessible by other routes. [9, 10] The synthesis of 2,3-dihydro-4(1H)-quinolinones is generally accomplished by the base or acid catalysed intramolecular aza-Michael cyclization of substituted 2'-aminochalcones, through the nucleophilic attack of the amino group on the β-carbon of the enone function, which leads to the formation of six-membered heterocyclic systems (6-endo-trig cyclization product) as predicted from
Baldwin's rules (Scheme 1). [11] Base homogeneous catalysts such as piperidine, KOH, [12] L-Proline, [13] as well as Bronsted and Lewis acids such as orthophosphoric in acetic acid, [7] PEG-400, [14] wet cyanuric chloride, [15] zinc chloride, [16] Ytterbium(III) triflate (YbOTf) 3 in ionic liquid ([bmim]BF 4 ) [17] or lithium tetrafluoroborate [18] have been used as catalysts for the cyclization of 2´-aminochalcones into quinolinones. However, many of these homogeneous processes involve the use of corrosive reagents, require large amount of catalyst, long reaction times, and high temperatures, giving in most cases, low yields of products. This is due to the fact that strong bases and also acids promote polymerization reactions, while generating considerable amount of wastes. To overcome these drawbacks, different heterogeneous Brönsted and
Lewis acid catalysts such as silica supported phosphomolybdic acid (PMASiO 2 ), [19] silica supported TaBr 5 , [20] silica supported NaHSO 4 , [21] alumina supported CeCl 3 ·7H 2 O-NaI, [22] and Montmorillonite K-10 clay under microwave irradiation [23] have been proposed to promote the intramolecular aza-Michael cyclization of 2'-aminochalcones. In Table 1 the reaction conditions and yields reported in the literature using the above catalytic systems have been summarized.
As can be observed there the heterogeneous catalytic systems reported present several limitations such as the use of large catalyst to substrate ratios (from 1.35 to 130.15 g catalyst per g of 2'-aminochalcone), in some cases long reaction times and temperatures higher than 100 o C or microwave activation are required. Additionally, in the case of acid supported catalysts, leaching of the acid into the reaction media could be expected, which may limit recovery and recyclability of the catalyst. Therefore the development of efficient and stable heterogeneous catalysts for the aza-Michael addition is desirable.
Cascade processes involving multiple catalytic events is an important area of research in organic chemistry since it can help to decrease raw materials consumption and energy, producing lower amount of wastes. [24, 25] In this sense, we have recently presented an efficient method to synthesize a variety of 2´-aminochalcones through a cascade process which involves, as the first step, the Claisen-Schmidt condensation of o-nitroacetophenones and benzaldehyde derivatives followed by reduction of the nitro into the corresponding amino group. [26] It would then be of much interest to develop a single cascade process able to directly produce dihydroquinolinones from nitrochalcones. In the first part of this work, we will show that this can be achieved by means of a catalyst based on micro and mesoporous molecular sieves. Thus, we will present how a catalyst could be optimized for maximizing yield and catalyst life during the synthesis of a variety of dihydroquinolinones of pharmaceutical interest, starting from the substituted 2'-aminochalcones, with excellent activities and selectivities. Then, in the second part of this work, a cascade process will be presented in where hydrogenation of 2´-nitrochalcones into aminochalcones will be coupled with their cyclization for obtaining dihydroquinolinones with a bifunctional metal-acid catalyst.
Results and Discussion
Influence of catalyst structure
As stated above, the most common method to obtain 2-phenyl-2,3-
is by means of the acid catalyzed aza-Michael intramolecular addition (Scheme 1).
The general mechanism for the intramolecular cyclization of 2'-aminochalcone in acidic media involves the protonation, or Lewis acid interaction, of the oxygen of the enone group. This produces the activation of the β-carbon towards the nucleophilic attack of the amino group, leading to the formation of six-membered heterocyclic systems, in this case dihydroquinolinone (6-endo-trig cyclization product) (Scheme 2). The mechanism is in good agreement with theoretical studies recently presented by Reyes et al., [27] who have shown that the electrophilic character of the β-carbon in 2'-aminochalcones increases 18%
in acidic media (TFA acid).
Among the different potential solid acid catalysts able to perform aza-Michael reaction, we thought that Bronsted or Lewis acid aluminosilicates could be the most promising catalysts since they can offer much flexibility for catalyst design.
They can range from amorphous to crystalline micro to mesoporous structures that can be synthesized with different pore sizes, acidity and hydrophobichydrophilic properties. [28] Moreover, the thermal stability of aluminosilicates allows its regeneration by a simple calcination in air.
For the study of the ring closure process, the trans-2'-aminochalcone was selected as substrate model and different structured acidic solid catalysts with different pore topologies and dimensions were chosen. We started with large pore microporous zeolites though, we were expecting reactant and product diffusional problems, as well as, a strong adsorption of the slightly basic products within the micropores of the zeolites. Then we have also introduced in our catalytic study a 2D zeolite (ITQ-2) and a mesoporous structured material (MCM-41) that should be less or not limited by reactants and products diffusion. A blank experiment in absence of catalyst was performed and 5% conversion was observed after 8h. The chemical composition, textural properties and acidity of the solid catalyst studied are given in Table 2 , and its preparation is presented in the experimental section.
Firstly the 12R unidirectional zeolite (Mordenite) and two zeolites with tridimensional pore topology and strong Brönsted acidity (HBeta and USY) were selected for performing the desired cyclization. When the cyclization reaction was carried out over these catalysts at 100 o C using toluene as a solvent,
Mordenite exhibited similar turnover frequency (TOF) than Beta zeolite but a higher deactivation rate could be deduced from the results in Figure 1 . Indeed it can be seen that the conversion curve for Mordenite stops rapidly with reaction time, at still low levels of conversion (see Table 3 entries 1 and 2). This fast deactivation of the Mordenite can be attributed to the unidirectionality of the pores that can be easily plugged by strongly adsorbed reactant and product.
Better catalytic activity and yield were achieved with the tridirectional USY zeolite ( Mordenite. In order to check this point, a nanocrystalline Beta zeolite sample with smaller crystal size (10-20nm) (Beta nano ), was prepared and tested in the cyclization reaction. As can be seen in Figure 2 when the zeolite crystallite size becomes smaller and consequently the ratio of the external to the internal surface area increases, the initial reaction rate considerably increases, achieving a 92 % yield of dihydroquinolinone after 6h with the nanocrystalline Beta zeolite (Table 3 , entry 3). These results confirm diffusional restrictions for reactant and product in our reaction, also in a tridirectional zeolite such as Beta.
Although a batch reactor is not the best-suited reactor to study catalyst deactivation, looking at the shape of the curves in Figure 1 it can already be inferred that an important deactivation of the catalysts is occurring during the reaction. Indeed, with the microporous 3D zeolites, conversion practically stops at low conversions and, in a fist approximation, it could be said that the order of catalyst deactivation are Mordenite >Beta > USY.
The deactivation of the catalysts can be probably due to the fact that both 2'-aminochalcone and dihydroquinolinone have a weakly basic character, which favours their strong adsorption, blocking the pores and/or acid sites. As can be seen in Figure 1 , catalyst deactivation appears to be more important on HBeta than on USY and, in fact, the thermogravimetric analysis of the used catalysts,
showed that while on USY zeolite 17wt% (with respect to the catalyst) of organic material remains on the catalyst after their use, on the Beta zeolite the organic material was twofold higher (38 wt%). Moreover analysis of the molecules remaining adsorbed on the catalyst after reaction (see Table 4 ),
indicates that most of the organic adsorbed corresponds to the reaction product i.e., dihydroquinolinone.
Thus, tridirectional HBeta and USY zeolites appear not suitable catalysts to carry out the aza-Michael intramolecular cyclization due to the existence of restricted diffusion and enhanced adsorption of the reactant and product in the pores, leading to a fast deactivation of the catalyst.
From all the above results, it can be inferred that solid catalysts with larger pores and milder acidities should be more adequate for performing the azaMichael intramolecular cyclization of the trans-2'-aminochalcone. Thus, a delaminated zeolite with large external surface area, low micropore volume and medium-strong acidity (ITQ-2) was selected to perform the cyclization of the trans-2'-aminochalcone. This zeolite was prepared by delamination of a layered MWW precursor, [29] resulting in thin zeolite sheets (2.5 nm thick) with a hexagonal array of cups with an aperture of 0.7 nm.
When the reaction was performed in the presence of the delaminated zeolite ITQ-2(Si/Al=12), an important increase in the conversion of trans-2'-aminochalcone with respect to the tridirectional zeolites was observed (see Figure 1 and Table 3 , entries 5, 2 and 4). This behaviour should be attributed to the decrease of the diffusional limitations of reactant and product, owing to the much larger external surface of ITQ-2. Nevertheless, from the shape of the conversion versus time curve for ITQ-2, it can be inferred that the catalyst also deactivates with time (see Figure 1 ). The cause of the deactivation was studied by stopping the reaction after 6 hours when the maximum yield of dihydroquinolinone (2) To decrease the impact on catalyst deactivation by adsorption of the mildly basic reactant and product we thought to use a mesoporous catalyst such as the aluminosilicate MCM-41 with weak acidity and pore diameter of 3.2 nm. It is expected that this catalyst should allow an easier diffusion of reactant and product and a lower irreversible adsorption of the product.
The results presented in Figure 3 indicate that it is possible with the MCM-41(15) sample, to achieve a six times larger TOF than with ITQ-2, and a total conversion of trans-2´-aminochalcone of 94 % with 100 % selectivity to dihydroquinolinone (2) (see Table 3 ). When these results are compared with those previously reported using alumina supported CeCl 3 ·7H 2 O-NaI, [22] it is possible to see that similar yields of dihydroquinolinone are achieved (Table 1) , however the amount of catalyst required was between 17-30 times larger.
On the other hand, when samples with higher Si/Al ratio were used (entries 7 and 8, Table 2 ) the activities were considerably decreased due to the number of Bronsted acid sites associate to Al decrease. These results indicate that a good compromise between number and strength of acid sites exist in the MCM-41 (15) sample.
When the MCM-41(15) was reused without any previous treatment in a second cycle, only 50 % yield of dihydroquinolinone (2) was obtained after 8h reaction time, indicating that an important catalyst deactivation also occurs with MCM-41. Since XRD patterns of the fresh and used catalyst showed that the crystallinity of the catalyst was maintained (see Figure 2SI ), this deactivation could still be due to the adsorption of the basic reactant and product on the acid sites. In fact, the IR spectrum of the used catalyst shows the adsorption band at 1630 cm -1 which is attributed to the carbonyl group of the dihydroquinolinone (2)
The used catalyst was subsequently submitted to extraction with a Soxhlet apparatus, and 9 wt% of organic (with respect to the amount of the catalyst) was recovered, being this amount much smaller than with the zeolite catalysts.
Meanwhile the analysis of the extract showed that the organic material was mainly composed by dihydroquinolinone (2) .
A pure silica sample (Si-MCM-41) with a surface area of 1100 m 2 g -1 gave very poor activity (5% yield after 8h). This result indicates that weak acid sites such as silanol groups practically do not contribute to the catalytic activity of the AlMCM-41 and that the aza-Michael reaction is mainly catalyzed by the bridging hydroxyl groups of the aluminosilicate. Moreover, the thermogravimetic analysis of the used Si-MCM-41 after Soxhlet extraction showed that only 1 wt% of organic remains adsorbed on the catalyst, which indicates that the amount of organic adsorbed on silanol groups do not contribute significantly to catalyst deactivation by pore blocking.
Catalysis by solid Lewis acid catalysts
From a mechanistic viewpoint, the success of the acid catalyzed aza-Michael reaction relies on the increase of the electrophilicity of the conjugated alkene by interaction of the carbonyl group with the acid site. The increase in electrophilicity of the conjugated alkene can also be achieved by using a Lewis acid catalyst, as said in the introduction section. It is well accepted that the metal ion from a Lewis acid forms a strongly coordinate bond with the electron withdrawing groups in conjugated alkenes, and thereby increase their electrophilicity to facilitate the addition of nitrogenous nucleophiles [18, 30] (see Scheme 2) . Taking this into account, we have also studied the catalytic activity of microporous and mesoporous solid catalysts bearing Lewis acid sites. Thus, Sn and Zr were incorporated into the framework of MCM-41 (Sn-MCM-41) and
Beta zeolite (Sn-Beta and Zr-Beta). In these materials the Sn and Zr atoms can act as isolated Lewis acid sites, as has been found to occur in various chemical transformations. [31, 32] When the reaction was performed in the presence of the Sn-MCM-41 sample the initial reaction rate was very low achieving only 12 % yield of dihydroquinolinone after 8h reaction. Better results were obtained with Sn-Beta (see Table 3 , entry 11), although in this case the yield of dihydroquinolinone does not surpass 60 % after 8h. Similar results were obtained with a Zr-Beta catalyst (Table 3, (Table 3, entry 14) .
Catalysis by solid bases
Since it has been reported that homogeneous bases can catalyze the cyclization of 2´-aminochalcones, heterogeneous basic catalysts such as MgO and Al/Mg mixed oxides [33, 34] were also tested as they showed high activity for performing the intramolecular Michael addition of 2'-hydroxychalcones into flavanones, [35, 36] we have also studied the aza-Michael cyclization of trans2´aminochalcone using a MgO sample with Lewis basic sites and high surface area (660m when the catalyst was reused the conversion was low indicating that product adsorption was still high under these conditions. Therefore, considering that product adsorption is an exothermic process, one could expect the adsorption equilibrium constant for the product and, consequently, the amount of product adsorbed, to decrease when increasing the reaction temperature. Then, the reaction was also performed at 100 o C and the results given in Figure 5 clearly
show a lower deactivation of the catalyst upon reuse, specially with acetonitrile as solvent, and an smaller amount of product remaining adsorbed after the reaction is completed (3 wt % with respect to the catalyst). In any case, catalyst deactivation still occurs and regeneration of the catalyst by calcination was required ( Figure 6 ). However, when the reaction temperature was further increased (at 150 o C) similar yields of dihydroquinolinole were achieved with the fresh and used catalyst (see Figure 4SI )
Reaction Kinetics
Kinetic experiments were conducted at different initial concentrations of 2´-aminochalcone in toluene using MCM-41 (15) as catalyst and the initial rates were obtained. The plot of the initial rates versus the initial concentration of 2'-aminochalcone ( Figure 7 ) indicates a first order reaction with respect to the concentration of 2´-aminochalcone. Similarly, a first order dependency was also found in the isomerisation of 2´-hydroxychalcone into flavanone using homogeneous [38, 39] or heterogeneous catalysts. [40] The influence of the reaction product on the rate of the reaction was studied by measuring the initial reaction rate at 1.20 molL Iinitial reaction rates were also obtained at different temperatures in the 50-100 o C range and the first order kinetic rate constants were calculated. The
Arrhenius plot of the reaction rate constants is showed in Figure 5SI , 4 ) and MW irradiation. [41] This difference is probably related with differences on the heat of adsorption of the reactant or the stabilization of the transition state in the two catalytic systems, being the stabilization larger in the solid catalyst.
Scope of the reaction
Since MCM-41 (15) represents a good compromise between acidity and reactant accessibility, it was selected as catalyst to examine the scope for azaMichael cyclization of various substituted 2'-aminochalcones into dihydroquinolinones with pharmacological interest.
In all cases the usual 6-endo ring closure reaction to give dihydroquinolinones occurs, while no 5-exo cyclocondensation to obtain indolinones was observed, as it was theoretically predicted by Reyes et al. [27] Excellent yields and selectivities (>97%) were obtained using 2'-aminochalcones with electron-withdrawing groups (Table 5 , entries 2 and 3) or electron-donating groups (Table 5 , entries 4 and 5) in the aromatic ring. As shown in Table 5 the activities appear to be influenced by the structure and the electron properties of 2'-aminochalcone derivatives. For instance, when electron-donating groups are present in the benzaldehyde derivative moiety, the corresponding cyclic products were obtained with excellent yields in short times, whereas with electron-withdrawing substituents longer reaction times were required to achieve high yields. The selectivity was not affected by the electronic nature of the substituents.
Comparison of the present results with previously reported ones (seeTable 1) in where higher amount of catalyst and temperature or microwave irradiation are required along with poor or null reusability of the catalyst, indicates that mesoporous molecular sieves MCM-41(15) represents a clear alternative for the cyclization of 2'-aminochalcones into dihydroquinolinones owing to the combination of accessibility and mild acidity.
One-pot synthesis of dihydroquinolinones starting from 2´-nitrochalcones
Since the synthesis of 2´-aminochalcones by Claisen-Schmidt condensation between o-aminoacetophenones and benzaldehyde derivatives in the presence of strong bases leads in general to low yields of 2´-aminochalcones, due to the fact that amino compounds are prone to oligomerization reactions, [7] [42] there is an alternative process to obtain these amino compounds by hydrogenation of the corresponding 2´-nitrochalcones. [26, 43] With this in mind, we thought to obtain dihydroquinolinones starting from 2´-nitrochalcones in one pot process in the presence of a bifunctional metal-acid catalyst (Scheme 3). Thus, 
Experimental Section
Reagents 2´-Aminochalcones were prepared starting from the corresponding 2´-nitroacetophenones and benzaldehyde derivatives following the one-pot process developed previously. [26] Toluene (≥99.9%), acetonitrile (≥99.9%) and THF (≥99.9%), p-toluenesulfonic acid (99.8%) were purchased from Aldrich and ethanol (≥99.9%) was purchased from Scharlau. [44] Sn-MCM-41, [45] Si-MCM-41, [46] and nanocrystalline Beta with crystal diameter between 10-20 nm. [47] The samples Sn-Beta (2wt%) and Zr-Beta (1wt%) were prepared following the method described in the literature [48] [49]
The delaminated ITQ-2 and the MCM-22 zeolite precursor were synthesized accordingly a previously described method. [29] The acidity of the catalysts was measured by IR spectroscopy (Nicolet 750
Spectrophotometer) combined with the adsorption-desorption of pyridine.
Pyridine was adsorbed on the catalysts and desorbed at different temperatures and the pyridine remaining on the catalysts was followed using infrared spectroscopy (IR). More specifically, wafers of 10 mg cm -2 were degassed overnight under vacuum (10 -9 to 10 -10 bar) at 400 o C. The spectra were recorded, and pyridine was then introduced. After equilibration, the samples were outgassed at 150, 250 and 350 o C for 1h under vacuum. After each desorption step, the spectrum was recorded at room temperature and the background subtracted. Hence, following the above procedure, the acidity of the catalysts was determined on the basis of a method already described in the literature. [50] Thermogravimetric analysis (TGA) was performed by using a Netzsch STA 409 EP thermal analysis with approximately 20 mg of sample and a heating rate of Table 2 .
0.2% Pt/TiO 2 with a Pt particle size of 1.5 nm was prepared according to ref. [51] 0.1Pt-MCM-41(15) and 0.5Pt-MCM-41 (15) were prepared by impregnation [52] 
Reaction procedures
General procedure for the preparation of 2-phenyl-2,3-dihydroquinolin-4(1H)-one:
A mixture of 2'-aminochalcone (1 mmol) and 1,1'-biphenyl as internal standard (0.5 mmol) was dissolved in toluene (0.5 mL) and added over 8 wt % of the activated catalyst in a closed reactor vessel. The resultant suspension was stirred at the desired temperature under inert atmosphere.
One pot procedure for the preparation of 2-phenyl-2,3-dihydroquinolin-4(1H)-one from o-nitrochalcone:
2'-Nitrochalcone (0.5 mmol) and 1,1'-biphenyl as internal standard (0.5 mmol) was dissolved in 0.5mL of toluene and added over a mixture of 15 mg 0.2%Pt/TiO 2 , 15mg MCM-41 (15) . The first step of hydrogenation of 2´-nitrochalcone was carried out at hydrogen pressure of 9 bar and 70 ºC during 40 min under stirring. Then, the temperature was raised to 100 ºC and the atmosphere of H 2 was changed to N 2 to carry out the cyclization step into 2-phenyl-2,3-dihydroquinolin-4(1H).
Samples of the reaction mixture were periodically taken by a filtering syringe and analysed by gas chromatography (HP spectrometer provided with a 30m x 0.25mm capillary column of 0.25mm cross-linked 5% phenylmethylsiloxane) and FID detector. Mass spectra were performed by GC-MS HP Agilent 5973 with a 6980 mass selective detector.
For catalyst recycling studies, the solid was collected by filtration, washed thoroughly with CH 2 Cl 2 and calcined at 540 ºC in air flux during 10h after each run to remove the adsorbed species.
Spectral data of the reaction products 1 H NMR spectra were recorded at 300 MHz and 13 
C at 75 MHz in a Bruker
Avance 300 spectrometer, and the chemical shifts in parts per million (ppm)
were reported to internal TMS. [b] acidity μmol of pyridine per gram catalyst calculated using extinction coefficients given in ref [50] . B: Bronsted acidity, L: Lewis acidity.
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